concluded that oral contraceptives induce a localized folate AB21 9SB, Scotland, UK deficiency in the uterine cervix that may promote neoplastic 1 To whom correspondence should be addressed transformation (12).
To whom correspondence should be addressed transformation (12).
Poor folate status may be important in the aetiology of
Localized folate deficiency in the bronchial epithelium of several epithelial cell malignancies including cancer of the smokers, caused by chemical inactivation of folate metabolites uterine cervix. Folic acid is essential in the synthesis of by cigarette smoke, has been postulated to be involved in purine nucleotides and the pyrimidine nucleoside thymidine carcinogenesis. Serum folate levels are lower in smokers than and it is probable that imbalances in these DNA precursors in non-smokers, and are further reduced in smokers with negatively effect DNA stability and may ultimately lead to bronchial squamous metaplasia (13, 14) . Supplementation malignant transformation. The development of a modified with folic acid reduces the level of pre-malignant lesions 'comet assay' using the bacterial DNA repair enzyme uracil attributed to cigarette smoking in humans (15), and reduces DNA glycosylase, to detect misincorporated uracil in human chemically-induced bronchial metaplasia in rats (16).
DNA is reported here. The effect of perturbing folic acid
The evidence linking poor folate status with colorectal and deoxyuridine levels on uracil misincorporation in cancer and incidence of colorectal adenomatous polyps is normal human lymphocytes and cultured human tumour strong. Several human dietary studies have revealed an inverse cells was investigated using this assay. HeLa cells and relationship between folic acid consumption or blood folate peripheral human lymphocytes incubated as agaroselevels and the risk of colorectal cancer (17-19). Moreover, embedded nucleoids, with 1 unit of uracil DNA glycosylase folic acid supplementation decreases the incidence of cancer in per µg of DNA, contained low levels of uracil in their high-risk patients suffering from chronic ulcerative colitis (20).
DNA. Both HeLa cells and stimulated human lymphocytes
Folic acid deficiency induces DNA damage and mutation cultured in folate-deficient medium were growth arrested.
both in vivo and in vitro with increases in strand breakage, Incubating human lymphocytes in folate-deficient medium chromosome aberrations, micronucleated red blood cells and significantly increased the level of uracil detected comhypoxanthine phosphoribosyltransferase mutant frequency pared with control cells. HeLa cells showed an increase in (21,22). non-specific DNA damage (strand breaks). Deoxyuridine
The mechanisms by which folate deficiency increases the (100 µM) significantly increased the level of uracil detected risk of cancer are unclear. However, folic acid is essential in the in the DNA of both folate-deficient and control HeLa cells.
synthesis of purine nucleotides and the pyrimidine nucleoside It appears that this modified comet assay specifically detects thymidine. The conversion of deoxyuridine monophosphate misincorporated uracil in single human cells. It should, (dUMP*) to thymidine monophosphate (dTMP) requires 5,10-therefore, prove valuable in determining the role of folic methylene tetrahydrofolate as methyl donor for the enzyme acid status in DNA instability and cancer.
thymidylate synthase. A block in methylation of dUMP to dTMP leads to accumulation of deoxyuridine triphosphate (dUTP); this can take the place of thymidine triphosphate Introduction (dTTP) as a DNA precursor so that dUMP appears in DNA. Epidemiological studies indicate that diets rich in fruit and Normal DNA excision repair processes remove the uracil vegetables are associated with a lower incidence of various nucleotide but as thymidine is limiting in folate deficiency, forms of cancer (1) (2) (3) . This has generally been attributed to misincorporation of dUMP and subsequent repair occur the presence in fruit and vegetables of antioxidant microrepeatedly in a 'catastrophic' repair cycle (23-25). Indeed, it nutrients such as the free radical scavengers vitamin C, vitamin has been demonstrated that excision repair of uracil residues E, carotenoids and flavonoids (4-6), and dietary fibre. However, 12 base pairs apart on opposite plasmid DNA strands produce fruit and vegetables are also a major source of folic acid (7) double strand breaks (26). This may increase DNA instability and there is evidence that poor folate status may be important and malignant transformation. in the aetiology of several epithelial cell malignancies, notably
The conventional 'comet assay' or single cell gel electrocancer of the uterine cervix, the bronchial epithelium and the phoresis measures DNA strand breaks (including those created colon and rectum.
by alkali-labile sites). Strand breaks cause relaxation of the The epidemiologic evidence linking dietary folate status and supercoiling in the DNA and free DNA loops are pulled incidence of cervical dysplasia or cancer is conflicting (8-10).
towards the anode during electrophoresis giving the appearance However, in intervention trials, folic acid supplementation of a comet tail. Fluorescence staining enables DNA damage to be visualized and quantitated (27 Quantitation of the comet assay recombinant interleukin (Aldesleukin 18ϫ10 6 IU) was purchased from Euro-DAPI-stained nucleoids were scored visually as described previously (26). Cetus UK Ltd (Harefield, UK). Uracil DNA glycosylase and 4Ј,6-diamidineBriefly, 100 comets on each slide were classified according to the relative 2-phenylindole dihydrochloride (DAPI) were from Boehringer Mannheim intensity of fluorescence in the tail and given a value of either 0, 1, 2, 3 or 4 (Lewes, UK). Frosted microscope slides were from Richardson Supply Co.
(from undamaged, 0, to maximally damaged, 4). In this way the total score (London, UK).
for 100 comets could range from 0 (all undamaged) to 400 (all maximally Isolation of human peripheral blood lymphocytes for comet studies damaged). Visual scoring is a practical option when dealing with large numbers of slides. However, this method of visual scoring was validated by Human lymphocytes were isolated from a 'finger prick' sample as follows.
comparison with comets selected by computerized image analysis (Komet Whole blood (30 µl) was mixed with 1 ml of RPMI 1640 medium supplemented 3.0, Kinetic Imaging Ltd, Liverpool, UK) as has been described previously (28). with 10% FCS, underlayed with 100 µl LymphoPrep and centrifuged for 3 min at 200 g at 4°C. The lymphocyte-containing 'buffy coat' (100 µl) was Statistics washed once in PBS, pH 7.4, centrifuged as before and resuspended in low Student's t-tests (paired and unpaired) were carried out as appropriate. melting point agarose for comet analysis.
In certain experiments, venous blood samples (50 ml) were collected from RPMI 1640 medium were Ͻ1 µg/litre, 2000 times lower than in the appropriate folate-repleted medium.
DNA strand breakage after incubation with uracil DNA
In certain experiments, HeLa cells grown in either folate-deficient or folateglycosylase in lymphocytes grown for 6 days in folaterepleted medium were incubated with 100 µM deoxyuridine (dissolved in depleted medium was significantly increased compared with tissue culture medium and sterile filtered) for up to 3 days.
lymphocytes grown in control medium (Figure 4) . No effect
The cells were subsequently washed twice with PBS, pH 7.4, recovered was detectable prior to this (data not shown).
from the flasks using trypsin/EDTA as described previously, spun at 200 g for 3 min at 4°C and resuspended in low melting point agarose for comet analysis.
Folate supply had no effect on the amount of DNA damage Human lymphocytes grown for 7 days in either folate deficient (u) or folate replete medium (j) were incubated either with or without 0.1 unit/gel uracil DNA glycosylase for 60 min in TrisϪEDTA buffer. Results are mean Ϯ SEM for n ϭ 3 (*P Ͻ 0.05), where P-values refer to differences between cells grown in folate deficient or folate replete medium). Incubating either folate-deficient or control HeLa cells with 100 µM deoxyuridine did not affect growth rate over the 3-day culture period (Figure 6 ), or the incidence of DNA strand breaks, as assessed with uracil DNA glycosylase, after 1 day's growth ( Figure 7A ). However, the number of DNA strand breaks detected by the comet assay after incubation with uracil DNA glycosylase in HeLa cells grown in the presence of deoxyuridine for 2 days was significantly increased (two-fold) over those incubated with buffer alone. Similar results were obtained in folate-deficient or folate-replete medium ( Figure 7B ). After 3 days' incubation with deoxyuridine, there was a small decline in DNA damage in all treatment groups ( Figure 7C ). in place of thymine. Normal cellular processes repair the DNA but as thymidine levels are suppressed, repeated misincorporation and excision repair-mediated removal of deoxyusing DNA repair enzymes to detect oxidized pyrimidines and purines (27,32). These enzymes reveal oxidized bases as uridine may cause DNA double strand breakage, chromosome aberrations and ultimately malignant transformation (23-26).
breaks, which can then be detected using the comet assay. In a further modification in which the bacterial DNA repair In support of this, Chen and coworkers have recently shown that individuals homozygous for the thermolabile form of enzyme, uracil DNA glycosylase, which specifically releases uracil from DNA, is added to the assay, it has now been seen methylene tetrahydrofolate reductase (13% of the general population) have a lower risk for colorectal cancer, possibly that normal human cells possess low levels of uracil [estimated as a few hundred breaks per cell using X-ray calibration (33)]. by increasing the cellular levels of 5,10-methylene tetrahydrofolate relative to 5-methyl tetrahydrofolate and reducing Moreover, incubating human lymphocytes in folate-deficient medium significantly increased the number of enzyme-sensitive uracil misincorporation (29) .
The standard comet assay is a highly sensitive method for sites detected using this modified comet assay. This is in agreement with the report by Blount and Ames of low or detecting DNA strand breaks at the level of the individual cell (27,30). Cells are embedded in agarose, lysed and electroundetectable basal levels of uracil in normal human DNA but dramatically increased uracil misincorporation in individuals phoresed before DNA damage is visualized by fluorescence microscopy. Breaks in the DNA molecule alter its complex with poor folate status, as measured by GCMS (34) . We are currently investigating the effect of culturing lymphocytes in supercoiling, allowing free DNA to migrate towards the anode. Fluorescent staining shows the DNA as 'comets' with a bright medium containing a range of suboptimal folate concentrations. Surprisingly, there was no corresponding increase in uracil head and a tail streaming away from it (31 than in newly passaged cells (38) .
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In conclusion, a highly sensitive, fast and specific assay has 
